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(57) ABSTRACT 

A shape measurement method for measuring a shape of an 
object to be measured, which has a Substantially rotating 
symmetric shape, includes: placing an aperture having an 
opening larger than an outer shape of the object to be mea 
Sured and the object to be measured on an optical axis; taking 
an image generated by light projected to the object to be 
measured, by using an image pickup unit; and calculating one 
cross-sectional shape of the object to be measured based on a 
light intensity distribution of the image taken by the image 
pickup unit. 

23 Claims, 15 Drawing Sheets 
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SHAPE MEASUREMENT METHOD AND 
SHAPE MEASUREMENT APPARATUS 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to a shape measurement 

method and a shape measurement apparatus. 
2. Description of the Related Art 
Conventionally, as a probe for a three-dimensional coordi 

nate measuring machine or the like, a probehaving a bar-like 
shaft and a contacting sphere provided at a tip end of the shaft 
has been used. A probe processing method and a probe pro 
cessing apparatus for processing a probe having a fine tip 
sphere providing a high measurement sensitivity, have been 
known (see Patent Publication 1). 
Patent Publication 1 Published Japanese Patent Application 
No. 2005-96O33 

However, in the above conventional technique, although it 
is possible to process a probe having a fine tip sphere, it is 
difficult to measure the sphericity of a fine tip sphere. Thus, 
the measurement of the sphericity of a tip sphere is a key to 
provide a fine probing system having higher accuracy, which 
is expected to be developed in the future. 

SUMMARY OF THE INVENTION 

An object of the present invention is to provide a shape 
measurement method and a shape measurement apparatus in 
which a shape can be easily and efficiently measured. 

In accordance with a first aspect of the invention, a shape 
measurement method for measuring a shape of an object to be 
measured, which has a Substantially rotating symmetric 
shape, comprises: 

placing an aperture having an opening larger than an outer 
shape of the object to be measured and the object to be 
measured on an optical axis; 

taking an image generated by light projected to the object 
to be measured, by using an image pickup unit; and 

calculating one cross-sectional shape of the object to be 
measured based on a light intensity distribution of the image 
taken by the image pickup unit. 

In accordance with the second aspect of the invention, a 
shape measurement method for measuring a shape of an 
object to be measured, which has a Substantially rotating 
symmetric shape, comprises: 

placing the object to be measured, a first lens, an aperture 
which has an opening larger than an outer shape of the object 
to be measured and which is disposed at an imaging position 
of the first lens, and a second lens between a light source unit 
and an image pickup plane of an image pickup unit, on an 
optical axis in an order of the object to be measured, the first 
lens, the aperture and the second lens from the light Source 
unit; 

taking an image generated by light projected from the light 
Source unit to the object to be measured, by using the image 
pickup unit; and 

calculating one cross-sectional shape of the object to be 
measured based on a light intensity distribution of the image 
taken by the image pickup unit. 

Inaccordance with the third aspect of the invention, a shape 
measurement method for measuring a shape of an object to be 
measured, which has a Substantially rotating symmetric 
shape, comprising: 

placing an aperture having an opening larger than an outer 
shape of the object to be measured, a first lens, the object to be 
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2 
measured which is disposed at an imaging position of the first 
lens, and a second lens between a light source unit and an 
image pickup plane of an image pickup unit, on an optical 
axis in an order of the aperture, the first lens, the object to be 
measured and the second lens from the light source unit; 

taking an image generated by light projected from the light 
Source unit to the object to be measured, by using the image 
pickup unit; and 

calculating one cross-sectional shape of the object to be 
measured based on a light intensity distribution of the image 
taken by the image pickup unit. 

In accordance with the fourth aspect of the invention, a 
shape measurement apparatus for measuring a shape of an 
object to be measured, which has a Substantially rotating 
symmetric shape, comprises: 

a light source unit for projecting light to the object to be 
measured; 

an aperture which is placed on an optical axis of the light 
outputted from the light source unit and which has an opening 
larger than an outer shape of the object to be measured; 

an image pickup unit for taking an image obtained by 
projecting the light from the light Source to the object to be 
measured, which is placed on the optical axis; and 

a cross-sectional shape calculation unit for calculating one 
cross-sectional shape of the object to be measured based on a 
light intensity distribution of the image taken by the image 
pickup unit. 

In accordance with the fifth aspect of the invention, a shape 
measurement apparatus for measuring a shape of an object to 
be measured, which has a Substantially rotating symmetric 
shape, comprises: 

a light source unit for projecting light to the object to be 
measured; 

a first lens and a second lens for passing an image of the 
object to be measured, which is obtained by the light pro 
jected from the light source; 

an aperture which is placed at an imaging position between 
the first lens and the second lens and which has an opening 
larger than an outer shape of the object to be measured; 

an image pickup unit for taking the image passed by the 
second lens; and 

a cross-sectional shape calculation unit for calculating one 
cross-sectional shape of the object to be measured based on a 
light intensity distribution of the image taken by the image 
pickup unit. 

In accordance with the sixth aspect of the invention, a 
shape measurement apparatus for measuring a shape of an 
object to be measured, which has a Substantially rotating 
symmetric shape, comprises: 

a light source unit for projecting light to the object to be 
measured; 

an aperture which has an opening larger thanan outer shape 
of the object to be measured and which passes the light 
outputted by the light source unit from the opening; 

a first lens and a second lens for passing the light passed by 
the aperture; 

an image pickup unit which is provided on an opposite side 
of the first lens with respect to the second lens and which takes 
an image of the object to be measured, which is disposed at an 
imaging position of the first lens between the first lens and the 
second lens; and 

a cross-sectional calculation unit for calculating one cross 
sectional shape of the object to be measured based on a light 
intensity distribution of the image taken by the image pickup 
unit. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention will become fully understood from 
the detailed description given hereinafter and the accompa 
nying drawings given by way of illustration only, and thus are 
not intended as a definition of the limits of the present inven 
tion, wherein: 

FIG. 1 is a schematic view illustrating the structure of a 
shape measurement apparatus in Embodiment 1 according to 
the present invention; 

FIG. 2 is a schematic view illustrating a structure in which 
a diffuser plate is used for the shape measurement apparatus 
according to the present invention; 

FIG. 3 is a schematic view illustrating a structure in which 
a collimator lens is used for the shape measurement apparatus 
according to the present invention; 

FIG. 4A is a front view illustrating an aperture according to 
the present invention; 

FIG. 4B is a cross-sectional view illustrating an aperture 
according to the present invention; 

FIG. 5 is a schematic view illustrating a state in which a 
rotating mechanism according to the present invention is 
attached to an object to be measured; 

FIG. 6 is a view illustrating a state in which when the light 
is outputted from a light source unit in Embodiment 1 accord 
ing to the present invention, an object to be measured is 
irradiated via an aperture; 

FIG. 7 is a schematic view illustrating the structure of a 
shape measurement apparatus in Embodiment 2 according to 
the present invention; 

FIG. 8 is a schematic view illustrating the structure of a 
shape measurement apparatus in Embodiment 3 according to 
the present invention; 

FIG. 9 is a view illustrating the light which can be seen 
through an aperture when the light is outputted from the light 
Source unit in Embodiment 3 according to the present inven 
tion and an object to be measured is irradiated with the light; 

FIG. 10 is a schematic view illustrating the structure of a 
shape measurement apparatus in Embodiment 4 according to 
the present invention; 

FIG. 11 is a schematic view illustrating the structure of a 
shape measurement apparatus in Embodiment 5 according to 
the present invention; 

FIG. 12 is a schematic view illustrating the structure of a 
shape measurement apparatus in Embodiment 6 according to 
the present invention; 

FIG. 13 is a schematic view illustrating the structure of a 
shape measurement apparatus in Embodiment 7 according to 
the present invention; 

FIG. 14 illustrates a light intensity pattern of an image 
taken by an image pickup unit according to the present inven 
tion; and 

FIG. 15 illustrates a process for introducing the edge of one 
cross section of the sphere in the predetermined angle 0 
direction, that is, a radius R(0), and the edge of the aperture in 
the predetermined angle 6' direction, that is, a radius R' (0") 
based on the light intensity pattern of the image taken by the 
image pickup unit according to the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Hereinafter, a shape measurement method and a shape 
measurement apparatus according to the present invention 
will be described with reference to the drawings. In the 
embodiments, the shape measurement method and the shape 
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4 
measurement apparatus are explained by exemplifying a 
sphere as an object to be measured. 

Embodiment 1 

As shown in FIG. 1, a shape measurement apparatus 100 in 
Embodiment 1 includes a light source unit 10, an aperture 20, 
a rotating mechanism 30 for rotating and Supporting an object 
200 to be measured; a magnifying lens 40; an image pickup 
unit 50; and an image processor 60. Along the optical axis of 
light outputted from the light source unit 10, the aperture 20, 
the object 200 to be measured, the magnifying lens 40, and the 
image pickup unit 50 are arranged in this order. 
The light source unit 10 uses a point light source for emit 

ting white light for example as shown in FIG. 1 and projects 
white light to the object 200 to be measured. It is noted that the 
light Source unit 10 is not limited to such a point light source 
and also may be a surface light source or also may emit light 
by a discharge lamp, a light-emitting diode, or laser. 
As shown in FIG. 2, the light source unit 10 also can 

include a diffuser plate 12 as a diffusing unit between a point 
light source and the aperture 20 (which will be described 
later). The white light outputted from the point light source 
can be diffused through the diffuser plate 12 as described 
above. 
As shown in FIG. 3, the light source unit 10 also can 

include a collimate lens 13 as a collimation unit between a 
point light source and the aperture 20 (which will be 
described later). The white light emitted from the point light 
Source can be converted to collimated light through the col 
limate lens 13 as described above. 
The aperture 20 has a substantially rectangular flat plate 

like shape as shown in FIG. 4 for example. The aperture 20 
has an opening 21 larger than an outer shape of the object 200 
to be measured. The aperture 20 is placed so that the optical 
axis of the light source unit 10 penetrates the center of the 
opening 21 described above. The opening 21 has a Substan 
tially similar figure as one cross-sectional shape of the object 
200 to be measured. 
More specifically, when the object 200 to be measured is a 

sphere having a diameter of 50 m, as shown in FIG. 4, the 
aperture 20 has a circular opening 21 having an inner diam 
eter in a range from about 52 um to about 55um. 

Although the thickness of the aperture 20 is a design mat 
ter, the thickness of the aperture 20 is preferably thinner in 
order to reduce the diffusion of light at an inner wall face of 
the opening 21 of the aperture 20. 
An inner wall section 21a forming the opening 21 of the 

aperture 20 has a knife edge-like cross-sectional shape as 
shown in FIG. 4A. Therefore, it is possible to reduce the 
diffusion of the light outputted from the light source unit 10 to 
the opening 21 at the inner wall face to suppress the diffrac 
tion of light. 
As shown in FIG. 5, the rotating mechanism 30 comprises 

a retention section 31 and a spindle 32 for example. 
The retention section 31 retains a shaft 201 integrated with 

the object 200 to be measured. As a structure for retaining the 
shaft 201, for example, a collet chuck is used. It is noted that 
the retention section 31 is formed so that the center of the 
object 200 to be measured is placed on the extended line of the 
rotation axis of the shaft 201 integrated with the object 200 to 
be measured. 
The spindle 32 is connected to the retention section 31 and 

rotates the object 200 to be measured by using a shaft center 
perpendicular to the optical axis of the light source unit 10 as 
a rotation shaft for example. The spindle 32 controls the 
rotation angle by an encoder (not shown) for example. 
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The rotating mechanism 30 is structured so that the object 
200 to be measured can be moved in axis X, axis Y, and axis 
Z directions while the object 200 to be measured is retained 
by the retention section 31. Therefore, it is possible to place 
the center of the object 200 to be measured at the center of the 
opening 21 of the aperture 20. 
By including the retention section 31 and the spindle 32 as 

described above, the rotating mechanism 30 functions as a 
rotation unit. 
As shown in FIG.1, the magnifying lens 40 is placed on the 

optical axis of light outputted from light source unit 10 
between the aperture 20 (or the object 200 to be measured) 
and animage pickup plane of the image pickup unit 50 (which 
will be described later) for example. 

The image pickup unit 50 uses a CCD camera as an image 
pickup unit for example and takes an image through the 
magnifying lens 40. 

Specifically, as shown in FIG. 6, a circle of light caused 
when light outputted from the light source unit 10 is projected 
to the object to be measured via the aperture 20 is taken 
through the magnifying lens 40. 

The image pickup unit 50 functions as an image pickup unit 
by using the CCD camera to take an image. 
As shown in FIG. 1, the image processor 60 comprises a 

CPU 61; a cross-sectional shape calculation program 62; a 
shape measurement program 63; and a display unit 64 for 
showing an image processing result for example. 
The image processor 60 processes an image taken by the 

image pickup unit 50. The CPU 61 executes the cross-sec 
tional shape calculation program 62 to calculate one cross 
sectional shape of the object 200 to be measured based on the 
light intensity distribution of the processed image. 

Specifically, one cross-sectional shape of a sphere as an 
object to be measured is calculated, for example, by collect 
ing a light intensity pattern of an image taken by the image 
pickup unit 50 in the orthogonal coordinate axis system to 
determine a temporary center of one cross-sectional shape 
and a temporary center of the aperture and by detecting the 
edge of the bright point in a predetermined azimuthal direc 
tion when the temporary center of one cross-sectional shape 
and the temporary center of the aperture are origin, to detect 
the edge of the sphere and the edge of the aperture 20. Then, 
one cross-sectional shape of the sphere is calculated by com 
paring a shape of the opening 21, which is calculated from the 
detected edge of the aperture with the shape of the opening 21 
of the aperture 20. 
More specifically, for example, as shown in FIG. 14, the 

grayscale image of the image taken by the image pickup unit 
50 is binarized to detect the boundary of the inner circle and 
the boundary of the outer circle. The center of the least square 
circle is calculated from the position of the boundary of the 
inner circle (aggregate of the pixel positions on the image). 
The center is treated as the temporary center of one cross 
section of the sphere. Similarly, the temporary center of the 
aperture 20 is calculated from the boundary of the outer 
circle. 

Next, for example, as shown in FIG. 15, in an original 
grayscale image, the edge of the sphere and the edge of the 
aperture 20 are detected from the temporary center of one 
cross section of the sphere and the temporary center of the 
aperture 20 by using the differentiation or the like by each 
predetermined angle. FIG. 15 illustrates a process for intro 
ducing the edge of one cross section of the sphere in the 
predetermined angle 0 direction, that is, a radius R(0), and the 
edge of the aperture 20 in the predetermined angle 0' direc 
tion, that is, a radius R'(0'). 
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6 
Then, the center of the least square circle of one cross 

section of the sphere and that of the aperture 20 are calculated 
from the detected edge of the sphere and that of aperture 20. 
The edge of the sphere and the edge of the aperture 20 are 
detected from the center of one cross section of the sphere and 
the center of the aperture 20 by using the differentiation or the 
like by each predetermined angle, again. 

Next, by comparing the shape of the opening 21, which is 
calculated from the detected edge of the aperture 20 with the 
shape of the opening 21 of the aperture 20, the shape of the 
opening 21, which is calculated from the detected edge of the 
aperture 20, is corrected. One cross-sectional shape of the 
sphere is calculated by correcting a shape of the detected edge 
of the sphere based on the amount of the above correction. 
Further, based on the calculated one cross-sectional shape, 
the roundness of the one cross section of the sphere is calcu 
lated. 
The CPU 61 functions as a cross-sectional shape calcula 

tion unit by executing the cross-sectional shape calculation 
program 62 as described above. 
Whenever the object 200 to be measured as a sphere is 

rotated by a predetermined angle by the rotating mechanism 
30, one cross-sectional shape of the object 200 to be measured 
is calculated at each rotation angle. When the CPU 61 
executes the shape measurement program 63, the cross-sec 
tional shape in the entire Surface of the sphere is calculated, 
that is, the three dimensional shape (variation) of the sphere is 
calculated. 

Specifically, as described above, by comparing the shape of 
the opening 21, which is calculated from the edge of the 
aperture 20 with the shape of the opening 21 of the aperture 
20, the shape of the opening 21, which is calculated from the 
edge of the aperture 20, is corrected. One cross-sectional 
shape of the sphere is calculated by correcting a shape of the 
detected edge of the sphere based on the amount of the above 
correction. Further, based on the calculated one cross-sec 
tional shape, the roundness of the one cross section of the 
sphere is calculated. 

Then, the above-described roundness is calculated at a 
predetermined rotation angle in the entire Surface of the 
sphere. The sphericity of the sphere is calculated based on 
variation of values of the roundness. 
The CPU 61 functions as a shape measurement unit by 

executing the shape measurement program 63 as described 
above. 

Next, a method for measuring the shape of the object 200 to 
be measured by the shape measurement apparatus 100 in 
Embodiment 1 will be described. 

First, as shown in FIG. 1, the optical axis and the aperture 
20 are arranged so that the optical axis is perpendicular to the 
plane of the aperture 20. Theaperture 20 and the object 200 to 
be measured are arranged so that the center of the opening 21 
of the aperture 20 is coincident with the center of the object 
200 to be measured on the optical axis. 

Then, the aperture 20 is preferably placed in the vicinity of 
the object 200 to be measured. 

Next, as shown in FIG.3, the collimate lens 13 for convert 
ing light outputted from the light source unit 10 to collimated 
light, is disposed between the light source unit 10 and the 
aperture 20 on the optical axis. 

Next, on the optical axis of light outputted from light 
Source unit 10, the magnifying lens 40 for magnifying an 
image is inserted between the aperture 20 (or the object to be 
measured) and the image pickup unit 50. 

Next, for example, a step for calculating one cross-sec 
tional shape of the sphere based on the light intensity distri 
bution of the image taken by the image pickup unit 50 and a 
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step of rotating the sphere having a shaft center as a rotating 
axis perpendicular to the optical axis of the light source unit 
10 by a predetermined angle by rotating mechanism 30, are 
repeated to calculate the cross-sectional shape in the entire 
surface of the sphere. 
As described above, light outputted from the light source 

unit 10 can be outputted as collimated light by providing the 
collimate lens 13 between the light source unit 10 and the 
aperture 20 to project light to the object 200 to be measured. 10 
When light is projected to the object 200 to be measured, light 
can pass through the aperture 20 having an opening larger 
than the outer shape of the object 200 to be measured to 
emphasize the diffraction of light. Then, an image generated 
by projecting light from the light source unit 10 to the object 
200 to be measured, which is placed on the optical axis, can be 
taken by the image pickup unit 50. Then, the CPU 61 can 
execute the shape measurement program 63 to calculate one 
cross-sectional shape of the object 200 to be measured based 
on the light intensity distribution of the taken image. 

Thus, because the light emitted from the light source can be 
collected as collimated light, the entire diffraction pattern is 
bright and the contrast becomes higher. Further, a treatable 
diffraction pattern having a diffraction spread angle Smaller 25 
than that of a point light source can be obtained. Thus, the 
shape of an object to be measured can be easily and efficiently 
measured. 

15 

Furthermore, by the rotating mechanism 30, it is possible 
to rotate the object 200 to be measured by a predetermined 
angle. Whenever the object 200 to be measured is rotated by 
a predetermined angle by the rotating mechanism 30, the 
CPU 61 can execute the cross-sectional shape calculation 
program 62 to calculate one cross-sectional shape of the 
object 200 to be measured and the CPU 61 can execute the 
shape measurement program 63 to calculate the cross-sec 
tional shape in the entire surface of the object 200 to be 
measured. 

30 

35 

Thus, it is possible to repeat the step of calculating one 40 
cross-sectional shape of the object to be measured and the 
step of rotating the object to be measured by a predetermined 
angle. Thus, the cross-sectional shape in the entire Surface of 
the object to be measured can be easily and efficiently mea 
Sured. 45 

Furthermore, because the magnifying lens 40 for magni 
fying an image is provided between the aperture 20 (or the 
object 200 to be measured) and the image pickup unit 50, it is 
possible to easily and efficiently measure the shape of even a so 
small object 200 to be measured. 

Embodiment 2 

Next, Embodiment 2 of the shape measurement apparatus SS 
according to the present invention will be described with 
reference to FIG. 7. The basic structure of Embodiment 2 is 
the same as that of Embodiment 1. However, the structure of 
Embodiment 2 is different from that of Embodiment 1 in that 
the magnifying lens 40 is replaced with a telecentric lens 45. 60 

According to the structure as described above, by the tele 
centric lens 45, it is possible to form an image by using only 
light parallel to the optical axis among light passing through 
the opening 21 of the aperture 20. Therefore, an error of the 65 
size of the image can be Suppressed, and a more preferable 
shape measurement can be performed. 
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In Embodiment 2, a method for measuring the shape of the 

object 200 to be measured by the shape measurement appa 
ratus 300 is the same as that of Embodiment 1. 

Embodiment 3 

As shown in FIG. 8, a shape measurement apparatus 1100 
in Embodiment 3 includes a light source unit 1010, the aper 
ture 20, the rotating mechanism 30, an objective lens 1040 as 
the first lens, an objective lens 1050 as the second lens, an 
image pickup unit 1060, and the image processor 60. Along 
the optical axis of light outputted from the light Source unit 
1010, an object 200 to be measured, the objective lens 1040, 
the aperture 20, the objective lens 1050, and the image pickup 
unit 1060 are arranged in this order. It is noted that the same 
components as those of Embodiments 1 and 2 are denoted 
with the same reference numerals and only components dif 
ferent from those of Embodiments 1 and 2 will be described. 

For example, as shown in FIG. 8, the light source unit 1010 
uses a point light Source outputting white light to project 
white light to the object to be measured 1200. It is noted that 
the light Source unit is not limited to such a point light Source 
and also may be a surface light source or also may emit light 
by a discharge lamp, a light-emitting diode, or laser. 
As shown in FIG. 8, for example, the objective lens 1040 is 

provided between the object 200 to be measured and the 
aperture 20 on the optical axis of light outputted from the light 
source unit 1010 to magnify the image of the object 200 to be 
measured. 
As shown in FIG. 8, for example, the objective lens 1050 is 

provided between the aperture 20 and the image pickup unit 
1060 on the optical axis of light outputted from the light 
source unit 1010 to magnify the image of the aperture 20 and 
the image of the object 200 to be measured, which is magni 
fied by the objective lens 1040. 

In the image pickup unit 1060, for example, a CCD camera 
is used as an image pickup unit and takes the image through 
the objective lens 1050. 

Specifically, for example, as shown in FIG. 9, the object 
200 to be measured is irradiated with the light outputted from 
the light source unit 1010. A circle of light generated via the 
aperture 20 is taken through the objective lens 1050. 
The image pickup unit 1060 functions as an image pickup 

unit by using the CCD camera as described above to take the 
image. 

Next, a method for measuring the shape of the object 200 to 
be measured in Embodiment 3 by the shape measurement 
apparatus 1100 will be described. 

First, as shown in FIG. 8, the object 200 to be measured, the 
objective lens 1040, the aperture 20, and the objective lens 
1050 are provided in this order from the light source unit 1010 
side on the optical axis between the light source unit 1010 and 
the image pickup plane of the image pickup unit 1060. The 
diameter of the opening 21 of the aperture 20 is determined 
based on a magnification ratio at which the object 200 to be 
measured is magnified by the objective lens 1040. The aper 
ture 20 is provided at a position at which the image of the 
object 200 to be measured is taken after the image passes 
through the objective lens 1040. 

Next, light outputted from the light source unit 1010 passes 
through the opening 21 of the aperture 20 via the objective 
lens 1040. Then, a step of calculating one cross-sectional 
shape of the sphere via the objective lens 1050 based on the 
light intensity distribution of the image taken by the image 
pickup unit 1060 and a step of rotating the object 200 to be 
measured having a shaft center as a rotating axis perpendicu 
lar to the optical axis of the light source unit 1010 by a 
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predetermined angle by the rotating mechanism 30, are 
repeated to calculate the cross-sectional shapes in the entire 
surface of the sphere which is the object 200 to be measured. 
As described above, according to the shape measurement 

apparatus 1100 in Embodiment 3, by the light source unit 5 
1010, it is possible to project light to the object 200 to be 
measured. The image of the object 200 to be measured, which 
is obtained by light outputted from the light source unit 1010 
can pass through the objective lens 1040 and the objective 
lens 1050. When the light can be projected to the object 200 10 
to be measured, the outline of the object to be measured is 
taken as an image by passing through the aperture 20 having 
an opening larger than the outer shape of the object 200 to be 
measured. By the image pickup unit 1060, the image output 
ted from the objective lens 1050 can be taken. By the cross- 15 
sectional calculation program 62 executed by the CPU 61, the 
shape of the object 200 to be measured can be calculated 
based on the light intensity distribution of the image taken by 
the image pickup unit 1060. 

Therefore, based on the light intensity distribution of the 20 
taken circle of light, the edge of the object to be measured can 
be detected and the shape of the object to be measured can be 
easily and efficiently measured. Furthermore, the shape can 
be measured without depending on a distance between an 
object to be measured and an aperture. Therefore, it is pos- 25 
sible to preferably prevent a physical interference between 
the object to be measured and the aperture. Furthermore, the 
size of an image of the object to be measured is determined by 
the magnification ratio of the objective lens 1040. Therefore, 
the freedom of the diameter of the opening of the aperture can 30 
be proportionally increased. 

Furthermore, by the rotating mechanism 30, it is possible 
to rotate the object 200 to be measured by a predetermined 
angle. Whenever the object 200 to be measured is rotated by 
the predetermined angle by the rotating mechanism 30, the 35 
CPU 61 executes the cross-sectional shape calculation pro 
gram 62 to calculate one cross-sectional shape of the object 
200 to be measured. Then, the CPU 61 can execute the shape 
measurement program 63 to calculate the cross-sectional 
shape in the entire surface of the object 200 to be measured. 40 

Thus, the step of calculating one cross-sectional shape of 
the object to be measured and the step of rotating the object to 
be measured by a predetermined angle can be repeated. Thus, 
the cross-sectional shape in the entire Surface of an object to 
be measured can be easily and efficiently measured. 45 

Embodiment 4 

Next, Embodiment 4 of the shape measurement apparatus 
of the present invention will be described with reference to 50 
FIG. 10. The basic structure of Embodiment 4 is the same as 
that of Embodiment 3. However, the structure of Embodiment 
4 is different from Embodiment 3 in that the first lens is a 
telecentric lens 1045. 

According to the structure as described above, by using the 55 
telecentric lens, an aperture stop is disposed at the focal point 
of the lens. By reducing the aperture, much light from the 
object to be measured is blocked by the aperture stop. After 
the light forming an image enters the lens from the object to 
be measured in a direction Substantially parallel to the optical 60 
axis, only light passing the focal point through the aperture 
stop is not blocked. Because an image is formed by using only 
the substantially collimated light from the object to be mea 
Sured, the variation in the magnification ratio due to a change 
in the position of the object to be measured is small. 65 

Therefore, it is possible to Suppress a change in the mag 
nification ratio due to the shift of the position of the object to 

10 
be measured. Furthermore, when the object to be measured is 
rotated by the rotating mechanism, a change in the size of the 
image due to the shift of the position caused by a kinematic 
error can be suppressed. Furthermore, because the light dif 
fraction can be reduced, a more preferable shape measure 
ment can be performed. 

In Embodiment 4, a method for measuring the shape of the 
object 200 to be measured by the shape measurement appa 
ratus 1200 is the same as that of Embodiment 3. 

Embodiment 5 

Next, Embodiment 5 of the shape measurement apparatus 
of the present invention will be described with reference to 
FIG. 11. The basic structure of Embodiment 5 is the same as 
that of Embodiment 3. However, the structure of Embodiment 
5 is different from Embodiment 3 in that the second lens is a 
telecentric lens 1055. 

According to the structure as described above, by the tele 
centric lens 1055, it is possible to reduce the light diffraction 
caused by irradiating the object 200 to be measured and by the 
light passing through the aperture 20. Therefore, a more pre 
ferred shape measurement can be performed. 

In Embodiment 5, a method for measuring the shape of the 
object 200 to be measured by the shape measurement appa 
ratus 1300 is the same as that of Embodiment 3. 

Embodiment 6 

Next, Embodiment 6 of the shape measurement apparatus 
of the present invention will be described with reference to 
FIG. 12. The basic structure of Embodiment 6 is the same as 
that of Embodiment 3. However, the structure of Embodiment 
6 is different from Embodiment 3 in that the first lens and the 
second lens are telecentric lenses 1045 and 1055, respec 
tively. 

According to the structure as described above, by the tele 
centric lenses 1045 and 1055, like Embodiment 4, it is pos 
sible to Suppress a change in the magnification ratio due to the 
shift of the position of the object to be measured. Further 
more, when the object to be measured is rotated by the rotat 
ing mechanism, a change in the size of the image due to the 
shift of the position caused by a kinematic error can be Sup 
pressed. Furthermore, like Embodiment 5, it is possible to 
reduce the light diffraction caused by irradiating the object to 
be measured and by the light passing through the aperture. 
Therefore, a more preferable shape measurement can be per 
formed. 

In Embodiment 6, a method for measuring the shape of the 
object 200 to be measured by the shape measurement appa 
ratus 1400 is the same as that of Embodiment 3. 

Embodiment 7 

Next, Embodiment 7 of the shape measurement apparatus 
of the present invention will be described with reference to 
FIG. 13. In the basic structure of Embodiment 7, as shown in 
FIG. 13, the light source unit 1010, the aperture 20, the 
rotating mechanism 30, an objective lens 1040 as the first 
lens, an objective lens 1050 as the second lens, an image 
pickup unit 1060, and an image processor 60 are provided. 
Along the optical axis of light outputted from the light source 
unit 1010, the aperture 20, the objective lens 1040, the object 
200 to be measured, the objective lens 1050, and the image 
pickup unit 1060 are arranged in this order. 

According to the structure as described above, by the light 
intensity distribution of the taken circle of light, it is possible 
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to detect the edge of the object to be measured. Thus, the 
shape of the object to be measured can be easily and effi 
ciently measured. Furthermore, the shape can be measured 
without depending on a distance between the object to be 
measured and the aperture. Therefore, it is possible to pref 
erably prevent a physical interference between the object to 
be measured and the aperture. Furthermore, the size of an 
image of the object to be measured is set by the magnification 
ratio of the second lens. Therefore, the freedom of the diam 
eter of the opening of the aperture can be proportionally 
increased. 

Furthermore, by disposing the aperture 20 on the side of the 
light source unit 1010 with respect to the object 200 to be 
measured, it is possible to prevent the light outputted from the 
light source unit 1010 from being diffused when the object to 
be measured is irradiated. It is possible to increase the effi 
ciency of using the light outputted from the light source unit 
1010. 

Furthermore, a method for measuring the shape of the 
object 200 to be measured by the shape measurement appa 
ratus 1500 in Embodiment 7 is the same as that of Embodi 
ment 3. 

It is noted that the present invention is not limited to the 
above embodiments. The object to be measured may be a 
rotating symmetric body and also may have a circular cylin 
drical shape or a conical shape. Further, each of the above 
shape measurement apparatus can calculate a cross-sectional 
shape in an entire Surface of the rotating symmetric body, 
Such as a circular cylindrical shape or a conical shape, that is, 
can calculate the three dimensional shape (variation) of the 
rotating symmetric body. 

Alternatively, a measurement value obtained by calculat 
ing one cross-sectional shape of an object to be measured also 
may be fed back to a processing apparatus of the object to be 
measured. In this case, the object to be measured can be 
processed and the shape thereof can be measured in an effi 
cient manner. 

Furthermore, other detailed structures or the like also can 
be appropriately changed. 

In accordance with the first aspect of the preferred embodi 
ments of the present invention, a shape measurement method 
for measuring a shape of an object to be measured, which has 
a Substantially rotating symmetric shape, comprises: 

placing an aperture having an opening larger than an outer 
shape of the object to be measured and the object to be 
measured on an optical axis; 

taking an image generated by light projected to the object 
to be measured, by using an image pickup unit; and 

calculating one cross-sectional shape of the object to be 
measured based on a light intensity distribution of the image 
taken by the image pickup unit. 

According to the first aspect of the preferred embodiments 
of the present invention, an aperture having an opening larger 
than an outer shape of an object to be measured and the object 
to be measured are placed on the optical axis. Further, by an 
image pickup unit it is possible to take a circle of light, which 
is obtained around one cross-sectional shape of the object to 
be measured. Based on the light intensity distribution of the 
circle of light, one cross-sectional shape of the object to be 
measured can be calculated. 

Therefore, it is possible to suppress light diffraction. Fur 
ther, based on the light intensity distribution of the taken 
circle of light, it is possible to detect the edge of the object to 
be measured. Thus, the shape of the object to be measured can 
be easily and efficiently measured. 
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Preferably, a magnifying lens for magnifying the image is 

provided between the aperture or the object to be measured 
and an image pickup plane of the image pickup unit to take the 
image. 

In this case, a magnifying lens can be provided between the 
aperture or the object to be measured and an image pickup 
plane of the image pickup unit. 

Thus, an image can be taken via the magnifying lens. 
Further, even when an object to be measured is very small, the 
shape can be easily and efficiently measured. 

Preferably, a telecentric lens is provided between the aper 
ture or the object to be measured and an image pickup plane 
of the image pickup unit to take the image. 

In this case, a telecentric lens can be provided between the 
aperture or the object to be measured and an image pickup 
plane of the image pickup unit. 

Thus, among light emitted from the light source, only the 
light parallel to the optical axis can be used to form an image. 
Thus, an error in the size of the image can be suppressed. 
Further, it is possible to reduce the light diffraction. 

Preferably, the light is diffused light. 
In this case, the diffused light can be used to illuminate the 

object to be measured. 
Thus, the light diffraction can be less conspicuous. Thus, 

the shape of the object to be measured can be easily and 
efficiently measured. 

Preferably, the light is collimated light. 
In this case, the collimated light can be used to illuminate 

the object to be measured. 
Thus, because the light emitted from the light source can be 

collected as collimated light, the entire diffraction pattern is 
bright and the contrast becomes higher. Further, a treatable 
diffraction pattern having a diffraction spread angle Smaller 
than that of a point light source can be obtained. 

In accordance with the second aspect of the preferred 
embodiments of the present invention, a shape measurement 
method for measuring a shape of an object to be measured, 
which has a Substantially rotating symmetric shape, com 
prises: 

placing the object to be measured, a first lens, an aperture 
which has an opening larger than an outer shape of the object 
to be measured and which is disposed at an imaging position 
of the first lens, and a second lens between a light source unit 
and an image pickup plane of an image pickup unit, on an 
optical axis in an order of the object to be measured, the first 
lens, the aperture and the second lens from the light Source 
unit; 

taking an image generated by light projected from the light 
Source unit to the object to be measured, by using the image 
pickup unit; and 

calculating one cross-sectional shape of the object to be 
measured based on a light intensity distribution of the image 
taken by the image pickup unit. 

According to the second aspect of the preferred embodi 
ments of the present invention, the object to be measured, a 
first lens, an aperture which has an opening larger than an 
outer shape of the object to be measured and which is dis 
posed at an imaging position of the first lens, and a second 
lens are placed between the light source unit and the image 
pickup plane of the image pickup unit on the optical axis in 
this order from the light source side. 

Thus, by the light intensity distribution of the taken circle 
of light, it is possible to detect the edge of the object to be 
measured. Thus, the shape of the object to be measured can be 
easily and efficiently measured. Furthermore, the shape can 
be measured without depending on a distance between the 
object to be measured and the aperture. Therefore, it is pos 
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sible to preferably prevent a physical interference between 
the object to be measured and the aperture. Furthermore, the 
size of an image of the object to be measured is set by the 
magnification ratio of the first lens. Therefore, the freedom of 
the diameter of the opening of the aperture can be proportion 
ally increased. 

In accordance with the third aspect of the preferred 
embodiments of the present invention, a shape measurement 
method for measuring a shape of an object to be measured, 
which has a Substantially rotating symmetric shape, com 
prises: 

placing an aperture having an opening larger than an outer 
shape of the object to be measured, a first lens, the object to be 
measured which is disposed at an imaging position of the first 
lens, and a second lens between a light source unit and an 
image pickup plane of an image pickup unit, on an optical 
axis in an order of the aperture, the first lens, the object to be 
measured and the second lens from the light source unit; 

taking an image generated by light projected from the light 
Source unit to the object to be measured, by using the image 
pickup unit; and 

calculating one cross-sectional shape of the object to be 
measured based on a light intensity distribution of the image 
taken by the image pickup unit. 

According to the third aspect of the preferred embodiments 
of the present invention, an aperture having an opening larger 
than an outer shape of the object to be measured, a first lens, 
the object to be measured which is disposed at an imaging 
position of the first lens, and a second lens between a light 
Source unit and an image pickup plane of an image pickup 
unit are placed between the light source unit and the image 
pickup plane of the image pickup unit on the optical axis in 
this order from the light source. 

Thus, by the light intensity distribution of the taken circle 
of light, it is possible to detect the edge of the object to be 
measured. Thus, the shape of the object to be measured can be 
easily and efficiently measured. Furthermore, the shape can 
be measured without depending on a distance between the 
object to be measured and the aperture. Therefore, it is pos 
sible to preferably prevent a physical interference between 
the object to be measured and the aperture. Furthermore, the 
size of an image of the object to be measured is set by the 
magnification ratio of the second lens. Therefore, the freedom 
of the diameter of the opening of the aperture can be propor 
tionally increased. 

Furthermore, by disposing the aperture on the side of the 
light source unit with respect to the object to be measured, it 
is possible to prevent the light outputted from the light source 
unit from being diffused when the object to be measured is 
irradiated. It is possible to increase an efficiency of using the 
light outputted from the light Source unit. 

Preferably, the first lens and/or the second lens are/is a 
telecentric lens unit. 

In this case, the first lens and/or the second lens can be a 
telecentric lens unit. 

Thus, by using the telecentric lens, an aperture stop is 
disposed at the focal point of the lens. By reducing the diam 
eter of the aperture, much light from the object to be measured 
is blocked by the aperture stop. After the light forming an 
image enters the lens from the object to be measured in a 
direction Substantially parallel to the optical axis, only light 
passing the focal point through the aperture stop is not 
blocked. Because an image is formed by using only the Sub 
stantially collimated light from the object to be measured, the 
variation in the magnification ratio due to a change in the 
position of the object to be measured is small. 
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Therefore, it is possible to suppress a change in the mag 

nification ratio due to the shift of the position of the object to 
be measured. Further, it is possible to reduce light diffraction. 

Preferably, a diameter of the opening of the aperture, which 
is suitable for the object to be measured is selected by chang 
ing a magnification ratio of the first lens and/or a magnifica 
tion ratio of the second lens. 

In this case, by changing a magnification ratio of the first 
lens and/or a magnification ratio of the second lens, it is 
possible to select a diameter of the opening of the aperture 
suitable for the object to be measured. 

Thus, by changing the magnification ratio of the lens, it is 
possible to adjust the diameter of an opening of the aperture. 
Therefore, it is not required to prepare an aperture in accor 
dance with the size of the object to be measured case by case. 
Thus, the shape can be easily and efficiently measured. 

Preferably, the shape measurement method further com 
prises: 

rotating the object to be measured by a predetermined 
angle; and 

calculating a cross-sectional shape in an entire Surface of 
the object to be measured, by alternately repeating the calcu 
lating of the one cross-sectional shape of the object to be 
measured and the rotating of the object to be measured by a 
predetermined angle. 

In this case, the object to be measured can be rotated by a 
predetermined angle. 

Thus, it is possible to repeat the step of calculating one 
cross-sectional shape of the object to be measured and the 
step of rotating the object to be measured by a predetermined 
angle. Thus, the cross-sectional shape in the entire Surface of 
the object to be measured can be easily and efficiently mea 
Sured. 

Preferably, the object to be measured is a sphere. 
In this case, a sphere also can be easily and efficiently 

measured. 
Preferably, in the calculating of the one cross-sectional 

shape of the sphere, 
a temporary center of the one cross-sectional shape and a 

temporary center of the aperture are determined by collecting 
a light intensity pattern of the image taken by the image 
pickup unit in an orthogonal coordinate axis system; and an 
edge of the sphere and an edge of the aperture are detected by 
detecting an edge of a bright point in a predetermined azi 
muthal direction when the temporary center of the one cross 
sectional shape and the temporary center of the aperture are 
origins; and 

a shape of the opening, which is calculated from the 
detected edge of the aperture is corrected by comparing the 
shape of the opening, which is calculated from the detected 
edge of the aperture with a predetermined shape of the open 
ing of the aperture; and the one cross-sectional shape of the 
sphere is calculated by correcting a shape of the detected edge 
of the sphere based on an amount of a correction of the shape 
of the aperture. 

In this case, one cross-sectional shape of a sphere can be 
easily and efficiently measured. 

Preferably, a roundness of the one cross-sectional shape of 
the sphere is calculated based on the calculated one cross 
sectional shape of the sphere. 

In this case, the roundness of a sphere also can be easily and 
efficiently measured. 

Preferably, the roundness is calculated at a predetermined 
rotation angle in an entire Surface of the sphere and the sphe 
ricity of the sphere is calculated based on variation of values 
of the roundness. 
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In this case, the sphericity of a sphere also can be easily and 
efficiently measured. 

In accordance with the fourth aspect of the preferred 
embodiments of the present invention, a shape measurement 
apparatus for measuring a shape of an object to be measured, 
which has a Substantially rotating symmetric shape, com 
prises: 

a light source unit for projecting light to the object to be 
measured; 

an aperture which is placed on an optical axis of the light 
emitted from the light source unit and which has an opening 
larger than an outer shape of the object to be measured; 

an image pickup unit for taking an image obtained by 
projecting the light from the light Source to the object to be 
measured, which is placed on the optical axis; and 

a cross-sectional shape calculation unit for calculating one 
cross-sectional shape of the object to be measured based on a 
light intensity distribution of the image taken by the image 
pickup unit. 

According to the fourth aspect of the preferred embodi 
ments of the present invention, by the light source unit it is 
possible to project light to the object to be measured. When 
the light can be projected to the object to be measured, it is 
possible to Suppress the light diffraction by passing through 
the aperture having an opening larger than the outer shape of 
the object to be measured. By the image pickup unit, it is 
possible to take an image obtained by irradiating the object to 
be measured placed on the optical axis with the light output 
ted from the light Source unit. By the cross-sectional shape 
calculation unit, it is possible to calculate one cross-sectional 
shape of the object to be measured based on the light intensity 
distribution of the taken image. 

Therefore, it is possible to suppress the light diffraction. 
Further, based on the light intensity distribution of the taken 
circle of light, it is possible to detect the edge of the object to 
be measured. Thus, the shape of the object to be measured can 
be easily and efficiently measured. 

Preferably, the shape measurement apparatus further com 
prises: 

a magnifying lens for magnifying the image between the 
aperture or the object to be measured and an image pickup 
plane of the image pickup unit. 

In this case, because a magnifying lens for magnifying the 
image is provided between the aperture or the object to be 
measured and an image pickup plane of the image pickup 
unit, the aperture and the object to be measured and the image 
pickup plane of the image pickup unit, it is possible to easily 
and efficiently measure the shape of even a small object to be 
measured. 

Preferably, the shape measurement apparatus further com 
prises: 

a telecentric lens between the aperture or the object to be 
measured and an image pickup plane of the image pickup 
unit. 

In this case, because a telecentric lens between the aperture 
or the object to be measured and an image pickup plane of the 
image pickup unit, it is possible to form an image by using 
only light parallel to the optical axis among light emitted from 
the light source. Therefore, an error of the size of the image 
can be suppressed. Further, it is possible to reduce the light 
diffraction. 

Preferably, the light source unit comprises a diffusing unit 
for diffusing and outputting the light. 

In this case, by the diffusing unit, it is possible to output 
diffused light. 
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Thus, the light diffraction can be less conspicuous. Further, 

the shape of the object to be measured can be easily and 
efficiently measured. 

Preferably, the light source unit comprises a collimation 
unit for collimating and outputting the light. 

In this case, by the collimation unit, it is possible to output 
collimated light. 

Thus, because the light emitted from the light source can be 
collected as collimated light, it is possible to Suppress the 
decrease of the light intensity and the light diffraction can be 
less conspicuous. Furthermore, the shape of the object to be 
measured can be easily and efficiently measured. 

In accordance with the fifth aspect of the preferred embodi 
ments of the present invention, a shape measurement appara 
tus for measuring a shape of an object to be measured, which 
has a Substantially rotating symmetric shape, comprises: 

a light source unit for projecting light to the object to be 
measured; 

a first lens and a second lens for passing an image of the 
object to be measured, which is obtained by the light pro 
jected from the light source; 

an aperture which is placed at an imaging position between 
the first lens and the second lens and which has an opening 
larger than an outer shape of the object to be measured; 

an image pickup unit for taking the image passed by the 
second lens; and 

a cross-sectional shape calculation unit for calculating one 
cross-sectional shape of the object to be measured based on a 
light intensity distribution of the image taken by the image 
pickup unit. 

According to the fifth aspect of the preferred embodiments 
of the present invention, by the light Source unit, it is possible 
to project light to the object to be measured. The image of the 
object to be measured, which is obtained by light outputted 
from the light source unit can pass through the first lens and 
the second lens. When the light can be projected to the object 
to be measured, the outline of the object to be measured is 
taken as an image by passing through the aperture having an 
opening larger than the outer shape of the object to be mea 
Sured. By the image pickup unit, the image outputted from the 
second lens can be taken. By the cross-sectional shape calcu 
lation unit, one cross-sectional shape of the object to be 
measured can be calculated based on the light intensity dis 
tribution of the image taken by the image pickup unit. 

Therefore, based on the light intensity distribution of the 
taken circle of light, the edge of the object to be measured can 
be detected and the shape of the object to be measured can be 
easily and efficiently measured. Furthermore, the shape can 
be measured without depending on a distance between the 
object to be measured and the aperture. Therefore, it is pos 
sible to preferably prevent a physical interference between 
the object to be measured and the aperture. Furthermore, the 
size of an image of the object to be measured is determined by 
the magnification ratio of the first lens. Therefore, the free 
dom of the diameter of the opening of the aperture can be 
proportionally increased. 

In accordance with the sixth aspect of the preferred 
embodiments of the present invention, a shape measurement 
apparatus for measuring a shape of an object to be measured, 
which has a Substantially rotating symmetric shape, com 
prises: 

a light source unit for projecting light to the object to be 
measured; 

an aperture which has an opening larger thanan outer shape 
of the object to be measured and which passes the light 
outputted by the light source unit from the opening; 
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a first lens and a second lens for passing the light passed by 
the aperture; 

an image pickup unit which is provided on an opposite side 
of the first lens with respect to the second lens and which takes 
an image of the object to be measured, which is disposed at an 
imaging position of the first lens between the first lens and the 
second lens; and 

a cross-sectional calculation unit for calculating one cross 
sectional shape of the object to be measured based on a light 
intensity distribution of the image taken by the image pickup 
unit. 

According to the sixth aspect of the preferred embodiments 
of the present invention, by the light Source unit, it is possible 
to project light to the object to be measured. By the aperture, 
the light outputted from the light Source unit can pass through 
the opening. The light passing through the aperture can pass 
through the first lens and the second lens. By the image 
pickup unit, it is possible to take the image of the object to be 
measured, which is disposed at animaging position of the first 
lens between the first lens and the second lens. 

Therefore, based on the light intensity distribution of the 
taken circle of light, the edge of the object to be measured can 
be detected and the shape of the object to be measured can be 
easily and efficiently measured. Furthermore, the shape can 
be measured without depending on a distance between the 
object to be measured and the aperture. Therefore, it is pos 
sible to preferably prevent a physical interference between 
the object to be measured and the aperture. Furthermore, the 
size of an image of the object to be measured is determined by 
the magnification ratio of the second lens. Therefore, the 
freedom of the diameter of the opening of the aperture can be 
proportionally increased. 

Furthermore, the position of the object to be measured and 
the position of the aperture are exchanged. When the object to 
be measured is irradiated with the light outputted from the 
light Source unit, it is possible to prevent the light diffusion. 
Therefore, it is possible to increase the efficiency of using the 
light outputted from the light Source unit. 

Preferably, the first lens and/or the second lens are/is a 
telecentric lens unit. 

In this case, the first lens and/or the second lens can be a 
telecentric lens unit. 

Thus, by using the telecentric lens, an aperture stop is 
disposed at the focal point of the lens. By reducing the diam 
eter of the aperture, much light from the object to be measured 
is blocked by the aperture stop. After the light forming an 
image enters the lens from the object to be measured in a 
direction Substantially parallel to the optical axis, only light 
passing the focal point through the aperture stop is not 
blocked. Because an image is formed by using only the Sub 
stantially collimated light from the object to be measured, the 
variation in the magnification ratio due to a change in the 
position of the object to be measured is small. 

Therefore, it is possible to Suppress a change in the mag 
nification ratio due to the shift of the position of the object to 
be measured. Further, it is possible to reduce light diffraction. 

Preferably, a diameter of the opening of the aperture, which 
is suitable for the object to be measured is selected by chang 
ing a magnification ratio of the first lens and/or a magnifica 
tion ratio of the second lens. 

In this case, by changing a magnification ratio of the first 
lens and/or a magnification ratio of the second lens, it is 
possible to select a diameter of the opening of the aperture 
suitable for the object to be measured. 

Thus, by changing the magnification ratio of the lens, it is 
possible to adjust the diameter of an opening of the aperture. 
Therefore, it is not required to prepare an aperture in accor 
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dance with the size of the object to be measured case by case. 
Thus, the shape can be easily and efficiently measured. 

Preferably, the shape measurement apparatus further com 
prises: 

a rotation unit for rotating the object to be measured by a 
predetermined angle; and 

a shape measurement unit for calculating the one cross 
sectional shape of the object to be measured whenever the 
rotation unit rotates the object to be measured by a predeter 
mined angle, and for calculating a cross-sectional shape in an 
entire surface of the object to be measured. 

In this case, by the rotation unit, it is possible to rotate the 
object to be measured by a predetermined angle. Whenever 
the object to be measured is rotated by a predetermined angle 
by the rotation unit, one cross-sectional shape of the object to 
be measured can be calculated by the cross-sectional shape 
calculation unit and the cross-sectional shape in the entire 
surface of the object to be measured can be calculated by the 
shape measurement unit. 

Thus, it is possible to repeat the step of calculating one 
cross-sectional shape of the object to be measured and the 
step of rotating the object to be measured by a predetermined 
angle. Thus, the cross-sectional shape in the entire Surface of 
the object to be measured can be easily and efficiently mea 
Sured. 

Preferably, the object to be measured is a sphere. 
In this case, a sphere also can be easily and efficiently 

measured. 
The entire disclosure of Japanese Patent Applications No. 

2006-253976 and No. 2006-253983 filed on Sep. 20, 2006 
including description, claims, drawings, and abstract are 
incorporated herein by reference in its entirety. 

Although various exemplary embodiments have been 
shown and described, the invention is not limited to the 
embodiments shown. Therefore, the scope of the invention is 
intended to be limited solely by the scope of the claims that 
follow. 

What is claimed is: 
1. A shape measurement method for measuring a shape of 

an object to be measured, which has a Substantially rotating 
symmetric shape, comprising: 

placing an aperture having an opening larger than an outer 
shape of the object to be measured and the object to be 
measured on an optical axis; 

taking an image generated by light projected to the object 
to be measured, by using an image pickup unit; and 

calculating one cross-sectional shape of the object to be 
measured based on a light intensity distribution of the 
image taken by the image pickup unit, 

wherein in the calculating, a shape of the opening of the 
aperture is compared with a shape of an opening of an 
image of the aperture, and the one cross-sectional shape 
of the object to be measured is calculated by correcting 
the shape of the image of the object to be measured based 
on a result of a comparison between the shape of the 
opening of the aperture and the shape of the opening of 
the image of the aperture. 

2. The shape measurement method as claimed in claim 1, 
wherein: a magnifying lens for magnifying the image is pro 
vided between the aperture or the object to be measured and 
an image pickup plane of the image pickup unit to take the 
image. 

3. The shape measurement method as claimed in claim 1, 
wherein: a telecentric lens is provided between the aperture or 
the object to be measured and an image pickup plane of the 
image pickup unit to take the image. 
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4. The shape measurement method as claimed in claim 1, 
wherein: the light is diffused light. 

5. The shape measurement method as claimed in claim 1, 
wherein: the light is collimated light. 

6. A shape measurement method for measuring a shape of 
an object to be measured, which has a Substantially rotating 
symmetric shape, comprising: 

placing the object to be measured, a first lens, an aperture 
which has an opening and which is disposed at an imag 
ing position of the first lens, and a second lens between 
a light source unit and an image pickup plane of an 
image pickup unit, on an optical axis in an order of the 
object to be measured, the first lens, the aperture and the 
second lens from the light source unit; 

taking an image generated by light projected from the light 
Source unit to the object to be measured, by using the 
image pickup unit; and 

calculating one cross-sectional shape of the object to be 
measured based on a light intensity distribution of the 
image taken by the image pickup unit, 

wherein a diameter of the opening of the aperture, which is 
suitable for the object to be measured is selected so that 
the opening of the aperture is larger than an outer shape 
of an image of the object to be measured or so that an 
opening of an image of the aperture is larger than an 
outer shape of the object to be measured, by changing a 
magnification ratio of the first lens and/or a magnifica 
tion ratio of the second lens. 

7. A shape measurement method for measuring a shape of 
an object to be measured, which has a Substantially rotating 
symmetric shape, comprising: 

placing an aperture having an opening, a first lens, the 
object to be measured which is disposed at an imaging 
position of the first lens, and a second lens between a 
light source unit and an image pickup plane of an image 
pickup unit, on an optical axis in an order of the aperture, 
the first lens, the object to be measured and the second 
lens from the light Source unit; 

taking an image generated by light projected from the light 
Source unit to the object to be measured, by using the 
image pickup unit; and calculating one cross-sectional 
shape of the object to be measured based on a light 
intensity distribution of the image taken by the image 
pickup unit, 

wherein a diameter of the opening of the aperture, which is 
suitable for the object to be measured is selected so that 
the opening of the aperture is larger than an outer shape 
of an image of the object to be measured or so that an 
opening of an image of the aperture is larger than an 
outer shape of the object to be measured, by changing a 
magnification ratio of the first lens and/or a magnifica 
tion ratio of the second lens. 

8. The shape measurement method as claimed in claim 6. 
wherein: 

the first lens and/or the second lens are/is a telecentric lens 
unit. 

9. The shape measurement method as claimed in claim 1, 
further comprising: 

rotating the object to be measured by a predetermined 
angle; and 

calculating a cross-sectional shape in an entire surface of 
the object to be measured, by alternately repeating the 
calculating of the one cross-sectional shape of the object 
to be measured and the rotating of the object to be 
measured by a predetermined angle. 

10. The shape measurement method as claimed in claim 1, 
wherein: the object to be measured is a sphere. 

5 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

20 
11. The shape measurement method as claimed in claim 10, 

wherein: 
in the calculating of the one cross-sectional shape of the 

sphere, 
a temporary center of the one cross-sectional shape and a 

temporary center of the aperture are determined by col 
lecting a light intensity pattern of the image taken by the 
image pickup unit in an orthogonal coordinate axis sys 
tem; and an edge of the sphere and an edge of the aper 
ture are detected by detecting an edge of a bright point in 
a predetermined azimuthal direction when the tempo 
rary center of the one cross-sectional shape and the 
temporary center of the aperture are origins; and 

a shape of the opening, which is calculated from the 
detected edge of the aperture is corrected by comparing 
the shape of the opening, which is calculated from the 
detected edge of the aperture with a predetermined 
shape of the opening of the aperture; and the one cross 
sectional shape of the sphere is calculated by correcting 
a shape of the detected edge of the sphere based on an 
amount of a correction of the shape of the aperture. 

12. The shape measurement method as claimed in claim 11, 
wherein: 

a roundness of the one cross-sectional shape of the sphere 
is calculated based on the calculated one cross-sectional 
shape of the sphere. 

13. The shape measurement method as claimed in claim 12, 
wherein: the roundness is calculated at a predetermined rota 
tion angle in an entire Surface of the sphere and the sphericity 
of the sphere is calculated based on variation of values of the 
roundness. 

14. A shape measurement apparatus for measuring a shape 
ofan object to be measured, which has a Substantially rotating 
symmetric shape, comprising: 

a light source unit for projecting light to the object to be 
measured; 

an aperture which is placed on an optical axis of the light 
outputted from the light source unit and which has an 
opening larger than an outer shape of the object to be 
measured; 

an image pickup unit for taking an image obtained by 
projecting the light from the light source to the object to 
be measured, which is placed on the optical axis; and 

a cross-sectional shape calculation unit for calculating one 
cross-sectional shape of the object to be measured based on a 
light intensity distribution of the image taken by the image 
pickup unit, 

wherein in the cross-sectional shape calculation unit, a 
shape of the opening of the aperture is compared with a 
shape of an opening of an image of the aperture, and the 
one cross-sectional shape of the object to be measured is 
calculated by correcting the shape of the image of the 
object to be measured based on a result of a comparison 
between the shape of the opening of the aperture and the 
shape of the opening of the image of the aperture. 

15. The shape measurement apparatus as claimed in claim 
14, further comprising: 

a magnifying lens for magnifying the image between the 
aperture or the object to be measured and an image 
pickup plane of the image pickup unit. 

16. The shape measurement apparatus as claimed in claim 
14, further comprising: 

a telecentric lens between the aperture or the object to be 
measured and an image pickup plane of the image 
pickup unit. 
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17. The shape measurement apparatus as claimed in claim 
14, wherein: the light source unit comprises a diffusing unit 
for diffusing and outputting the light. 

18. The shape measurement apparatus as claimed in claim 
14, wherein: the light Source unit comprises a collimation unit 
for collimating and outputting the light. 

19. A shape measurement apparatus for measuring a shape 
ofan object to be measured, which has a Substantially rotating 
symmetric shape, comprising: 

a light source unit for projecting light to the object to be 
measured; 

a first lens and a second lens for passing an image of the 
object to be measured, which is obtained by the light 
projected from the light source; 

an aperture which is placed at an imaging position between 
the first lens and the second lens and which has an 
opening: 

an image pickup unit for taking the image passed by the 
second lens; and 

a cross-sectional shape calculation unit for calculating one 
cross-sectional shape of the object to be measured based on a 
light intensity distribution of the image taken by the image 
pickup unit, 

wherein a diameter of the opening of the aperture, which is 
suitable for the object to be measured is selected so that 
the opening of the aperture is larger than an outer shape 
of an image of the object to be measured or so that an 
opening of an image of the aperture is larger than an 
outer shape of the object to be measured, by changing a 
magnification ratio of the first lens and/or a magnifica 
tion ratio of the second lens. 

20. A shape measurement apparatus for measuring a shape 
ofan object to be measured, which has a Substantially rotating 
symmetric shape, comprising: 

a light source unit for projecting light to the object to be 
measured; 
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an aperture which has an opening and which passes the 

light outputted by the light Source unit from the opening; 
a first lens and a second lens for passing the light passed by 

the aperture; 
an image pickup unit which is provided on an opposite side 

of the first lens with respect to the second lens and which 
takes an image of the object to be measured, which is 
disposed at an imaging position of the first lens between 
the first lens and the second lens; and 

a cross-sectional calculation unit for calculating one cross 
sectional shape of the object to be measured based on a 
light intensity distribution of the image taken by the 
image pickup unit, 

wherein a diameter of the opening of the aperture, which is 
suitable for the object to be measured is selected so that 
the opening of the aperture is larger than an outer shape 
of an image of the object to be measured or so that an 
opening of an image of the aperture is larger than an 
outer shape of the object to be measured, by changing a 
magnification ratio of the first lens and/or a magnifica 
tion ratio of the second lens. 

21. The shape measurement apparatus as claimed in claim 
19, wherein: 

the first lens and/or the second lens are/is a telecentric lens 
unit. 

22. The shape measurement apparatus as claimed in claim 
14, further comprising: 

a rotation unit for rotating the object to be measured by a 
predetermined angle; and 

a shape measurement unit for calculating the one cross-sec 
tional shape of the object to be measured whenever the rota 
tion unit rotates the object to be measured by a predetermined 
angle, and for calculating a cross-sectional shape in an entire 
surface of the object to be measured. 

23. The shape measurement apparatus as claimed in claim 
14, wherein: the object to be measured is a sphere. 
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